Purified, intact chloroplasts of Spinacia oleracea L. synthesize galactose-labeled mono-and digalactosyldiacylglycerol (MGDG and DGDG) from UDP-[U-'4C]galactose. In the presence of high concentrations of unchelated divalent cations they also synthesize tri-and tetra-galactosyldiacylglycerol. The (26) leaves are also consistent with a formation of MGDG from newly produced diacylglycerol. The spinach UDP-Gal:sn-1,2-diacylglycerol galactosyltransferase (EC 2.4.1.46) has been localized in the inner envelope membrane of the chloroplast (1, 11), although the pea enzyme was assigned to the outer envelope membrane (2). Recently, the spinach enzyme was characterized (12), and partially purified (3) from chloroplast envelope membranes.
leaves are also consistent with a formation of MGDG from newly produced diacylglycerol. The spinach UDP-Gal:sn-1,2-diacylglycerol galactosyltransferase (EC 2.4.1.46) has been localized in the inner envelope membrane of the chloroplast (1, 11) , although the pea enzyme was assigned to the outer envelope membrane (2) . Recently, the spinach enzyme was characterized (12) , and partially purified (3) from chloroplast envelope mem- branes.
The in vivo synthetic pathway of DGDG is still unknown. Labeling studies with leaves from various plant species suggest the formation of DGDG by galactosylation of two different pools of MGDG (23, 26) . Isolated chloroplasts, however, cannot galactosylate MGDG that is made de novo from precursors like acetate and sn-glycerol-3-P (6, 8, 19) . So far, high DGDG synthesis rates have been reported only for preparations of purified envelope membranes. Thus, the incubation of spinach envelopes membranes with galactose-labeled UDP-Gal resulted in a sequential formation of MGDG, DGDG, TGDG, and TeGDG (17, 25) . Synthesis of the oligogalactolipids, DGDG, TGDG and TeGDG, is catalyzed here by galactolipid:galactolipid galactosyltransferase (EC 2.4.1.?), transferring a galactosyl group from MGDG to another galactolipid molecule (Eqs. 1 and 2) (10, 11, 25, 27) :
MGDG + MGDG -* diacylglycerol + DGDG MGDG + DGDG -* diacylglycerol + TGDG The galactolipids, MGDG4 and DGDG, are major lipids of the plant leaves. In Spinacia oleracea L. (spinach) chloroplasts they comprise 17-52 and 26-30 mol%, respectively, of the total polar lipid fraction of the various plastid membranes (1) . The monogalactolipid MGDG is made exclusively in the chloroplast envelope (5) by galactosylation of diacylglycerol. For instance, isolated chloroplast envelope membranes become depleted in diacylglycerol and produce MGDG upon incubation with UDPGal (17) . Further, chloroplast preparations produce quite similar molecular species of diacylglycerol and MGDG, from precursors like acetate (19) or fatty acids (7) in the presence of UDP-Gal. Data from in vivo labeling of spinach (23) or Brassica napus L. ' This paper is part of the Ph.D. Thesis of J. W. M. Heemskerk (Nijmegen, 1986) . 2 Present address: Department of Biochemistry, BMC, University of Limburg, P. 0. 616, 6200 MD Maastricht, The Netherlands.
I Present address: Research Institute ITAL, P. 0. 48, 6700 AA Wageningen, The Netherlands. 4 Abbreviations: MGDG, DGDG, TGDG, and TeGDG, mono-, di-, tri-, and tetragalactosyldiacylglycerol; PC, phosphatidylcholine; molecular species of diacyl lipids are represented by a short-hand notation: e.g. (18:1/16:0)-MGDG designates monogalactosyl sn-1-oleoyl-2-palmitoyl-glycerol.
The enzyme could be definitively localized in the outer envelope membrane of spinach chloroplasts (14) , and there it is cytosolic faced (4) . A possible role of the galactosyltransferase for DGDG synthesis in vivo has been criticized, because of its activation upon rupturing of the chloroplasts, and because TGDG and TeGDG are not natural constituents of the chloroplast membranes (4, 5) . As an alternative pathway for DGDG synthesis, the galactosylation of MGDG by UDP-Gal was suggested. Such a reaction should be catalyzed by another than the MGDGforming enzyme, thus being responsible for the formation of the a-D-galactopyranosyl bond in DGDG (27) .
We have studied the galactolipid formation by purified, intact spinach chloroplasts with special attention to the synthesis of DGDG. With unlabeled UDP-Gal and sn-[U-14C]glycerol-3-P or [2-14C] Chloroplasts. Intact spinach chloroplasts were purified by Percoll-gradient centrifugation as described by Cline and Keegstra (2) in a modified buffer, containing 0.33 M sorbitol, 50 mm Hepes (pH 7.6 with Tris), 2 mMEDTA and 1 mMMgCl2 (buffer A). The grinding buffer also contained 0.1% (w/v) BSA. All procedures were carried out at 4°C, and the final chloroplast suspension (2 mg Chl/ml) was kept on ice. The chloroplasts were 95 to 99% intact, as determined by phase-contrast microscopy and by the ferricyanide reduction method (18) . Chloroplasts were enriched from the crude leaf homogenate 140-, 30-, and 40-fold, with respect to peroxisomes, mitochondria, and mitochondria plus microsomes, respectively (11) . Protein/Chl ratio of the suspension was 13.5 to 15.0 (mg/mg). After osmotic shock, the ferricyanide-dependent 02 evolution (18) was 250 to 350 ,umol 02/mg Chlh.
Thermolysin treatment of purified, intact chloroplasts was carried out according to Dorne et al. (4) for 1 h at 4°C, except that the incubation medium contained 0.33 Msorbitol, buffered with 50 mMHepes (pH 7.6 with NaOH). Control incubations (nontreated chloroplasts) were done under the same conditions, but the incubation medium contained simultaneously with thermolysin (0.2 mg/ml) and 1 mMCaCl2, 10 mMEGTA to prevent thermolysin activity. Thermolysin-treated and nontreated chloroplasts were centrifuged (4°C) through isotonic 40% Percoll:60% buffer A (v/v) in the presence of 10 mMEGTA and protease inhibitors (1) . Repurified intact chloroplasts were washed then twice in buffer A and used for incubations.
Where indicated, chloroplasts were broken by resuspension into 5 mMTricine (pH 7.2 with NaOH)/4 mMMgCl2 and incubated on ice for 30 min. Envelope membranes and thylakoids were isolated from spinach chloroplasts as described before (11) .
Radioactive Incubations. Incubations with intact, purified chloroplasts were carried out either in the ' (20) , probably by inhibition of the plastid phosphatidate phosphatase (5) . On the other hand, DGDG synthesis is stimulated by Mg2+ (this paper). The above compromise allows sufficient acetate and sn-glycerol-3-P incorporation and also results in DGDG synthesis. Triton-X-100 was not included in order to maintain intactness of the chloroplasts, although its presence would enhance the incorporation rate of acetate (22) .
In (11) .
For mass determinations, galactolipids were separated and quantified by HPLC (10) . Diacylglycerol (sn-1,2-and sn-1,3-diacylglycerol) was isolated by TLC on silica gel 60 plates, eluted with n-hexane:acetone (75:25, v/v) (Rf = 0.40). Quantification and fatty analysis of diacylglycerol was by GLC (10).
Analyses. Chl was determined as described before (11) . Protein in chloroplasts was precipitated with 0.2 N perchloro-acetic acid in 50% (v/v) ethanol. The precipitate was decolorized with ethanol:diethyl ether (3:1, v/v), and after solubilization with 2.5 N NaOH, protein was determined with the biuret method. Protein in envelope membranes was measured as before (11) .
RESULTS
Galactolipid Synthesis from Different Precursors. Spinach chloroplasts were incubated under fatty acid synthesizing conditions in the presence of the galactolipid precursors, acetate, sn-glycerol-3-P, and UDP-Gal at a relatively high Mg2+ concentration (7 mM). Radioactive label was in either of the precursors. Table I shows that a considerable part of acetate and of snglycerol-3-P label is incorporated into MGDG, whereas DGDG is only slightly labeled. The ratio of labeled MGDG/DGDG is 12 to 14 with these precursors. In contrast, the use of UDP-
[14C]Gal results in high labeling of both MGDG and DGDG.
The ratio of MGDG/DGDG label now is considerably lower and reaches 3.5 (Table I ). The presence of Mg2 + ions appears necessary for DGDG synthesis, since DGDG labeling from all three precursors was very low in the absence of magnesium (not shown).
Synthesis of DGDG occurs by galactosylation of MGDG (5, 27) . The unequal galactosylation rates of MGDG molecules made from differently labeled precursors most likely refer to the formation of different pools of MGDG, with unequal accessibility for further galactosylation to DGDG (and higher galactolipids). Indeed, Figure 1 synthesis (Fig. 2) . Thermolysin treatment also inhibited the synthesis of acetate-or glycerol-labeled DGDG with 50 to 70% (in contrast to MGDG synthesis, which was not affected) (results not shown). However, because of the poor labeling rate of this DGDG (Table I) , we could not discriminate here between incomplete proteinase action or the involvement in DGDG synthesis of a thermolysin-insensitive enzyme with low activity. The simultaneous production of DGDG, TGDG, and TeGDG and the inhibition after thermolysin treatment strongly suggest that galactolipid:galactolipid galactosyltransferase is involved in oligogalactolipid synthesis, which enzyme is known to be affected by thermolysin (4, 14) . However, since this galactosyltransferase is activated upon rupturing of chloroplasts (4), it was necessary to determine whether synthesis of oligogalactolipids might be caused by broken organelles.
Intactness of the chloroplasts was measured by phase-contrast microscopy and by the ferricyanide reduction method: intactness decreased from 95% to about 85% after 20 min of incubation with UDP-Gal, and again reached 94% after centrifugation through Percoll. The repurified chloroplasts had retained their original high capacity of ferricyanide-dependent 02 production. Functional intactness was further checked by the following experiments. Different amounts of chloroplasts (15-750 ,ug Chl) were incubated with UDP-[14C]Gal and MgCl2: all incubations gave the same distribution of labeled galactolipids including DGDG, TGDG, and TeGDG. Further, chloroplasts isolated from freshly harvested spinach plants, grown under a strict light regime, showed a galactolipid labeling pattern which was quite similar to that of chloroplasts isolated from leaves bought at the local market. Both intact and broken chloroplasts produce DGDG, TGDG, and TeGDG (Fig. 3) . Only the pH optimum for UDP-Gal incorporation is different: around pH 6.5 for intact chloroplasts, and a broader optimum with high activity at more alkaline pH values for broken chloroplasts. Repurification of intact chloroplasts after incubation with UDP-Gal (by centrifugation through Percoll) did not significantly change the pattern of labeled galactolipids (see legend to Fig. 3) . Finally, after preincubation with UDP-Gal and MgCl2, chloroplasts were incubated with [14C]acetate and cofactors. The incorporation rate of l4C into fatty acids and acyl lipids decreased with only 10% compared to that of chloroplasts, which had not been pre-incubated with UDP-Gal.
Thus, we conclude that the production of DGDG, TGDG, and TeGDG is not a consequence of rupturing, but a property of morphologically and functionally intact spinach chloroplasts.
Involvement of Galactolipid:Galactolipid Galactosyltransferase. Apart from the inhibition by thermolysin, other observations also indicate involvement of galactolipid:galactolipid galactosyltransferase in the chloroplast galactolipid synthesis. The influence of cations was determined and UDP-Gal incorporation was best stimulated by Mg2+, Ba2+, and Ca2+ (Table II) . The effect of Mg2+ is optimal at 5 to 10 mM, and is blocked by chelating anions like EDTA and PPi. Table III shows that PP, inhibits Mg2+-induced UDP-Gal incorporation, but most strongly inhibits the labeling rate of TGDG and TeGDG. Table IV summarizes the properties of UDP-Gal incorporation by intact chloroplasts and shows the general similarity with properties of galactolipid:galactolipid galactosyltransferase, as measured in purified envelope membranes. Only the effects of the inhibitors for MGDG synthesis, UDP and N-ethyl maleimide, reveal the activity of UDP-Gal:diacyglycerol galactosyltransferase in chloroplast galactolipid synthesis.
Kinetics of galactolipid synthesis, obtained by incubation of intact chloroplasts with various concentrations of UDP-Gal, are consistent with involvement of galactolipid:galactolipid galactosyltransferase. Figure 4 shows that there is an evident correlation between the rate of UDP-Gal incorporation and the rates of DGDG + TGDG + TeGDG synthesis and of TGDG + TeGDG synthesis. Lineweaver-Burk plots of such experiments are linear (not shown), and give a Vmax of 305 ± 40 nmol UDP-Gal incorporated/mg Chl-h (SD, n=9). The apparent Km values for total galactolipid synthesis and for synthesis of DGDG+TGDG+TeGDG are quite similar, 16±+-2 ,M. Obviously, only one affinity site for UDP-Gal is detectable, i.e. that of the MGDG synthesizing enzyme, UDP-Gal:diacylglycerol galactosyltransferase (compare Table IV) .
Diacylglycerol Metabolism. Activity of galactolipid:galactolipid galactosyltransferase in UDP-Gal incorporation raises questions about the diacylglycerol metabolism in the chloroplasts. Diacylglycerol is consumed during MGDG synthesis by UDP-Gal:diacylglycerol galactosyltransferase. On the other hand, diacylglycerol is produced by galactolipid:galactolipid galactosyltransferase activity (Eqs. 1 and 2). We measured the diacylglycerol content in intact chloroplasts immediately after their isolation and during galactolipid synthesis. Thermolysin-treated and nontreated chloroplasts were very low in diacylglycerol, 12 nmol/mg Chl (<0.25% of chloroplast acyl lipids). Diacylglycerol increased only slightly after incubation of the chloroplasts in either the acetate mode or in the UDP-Gal mode. Under both conditions, the increase was accompanied by a considerable rise of C16 fatty acids, relative to C18 fatty acids (Table V) . Thus, the chloroplasts seem to maintain during galactolipid synthesis a low level of diacylglycerol, with a high turnover rate. (15, 23) Various authors (7, 9, 15, 19) (12, 23) . We conclude that in chloroplasts hexane, galactose-labeled MGDG is formed not from de novo diacylglycerol, but from a separate pool of hexane diacylglycerol. The latter is most likely produced by activity of galactolipid:galactolipid galactosyltransferase (see below). Further, the unequal galactosylation rates of differently labeled MGDG (high with galactose-labeled MGDG and low with de novo made MGDG) can be explained by previous experiments with envelope membranes, in which the galactosylation by galactolipid:galactolipid galactosyltransferase of hexane MGDG was considerably faster than that of oligoene MGDG (12) .
DISCUSSION
Our results indicate that in the intact chloroplast all galactoselabeled DGDG and at least part of the differently labeled DGDG is made by galactolipid:galactolipid galactosyltransferase activity. For instance, the synthesis of DGDG is part of the sequential formation of DGDG, TGDG, and TeGDG. DGDG synthesis is optimal at pH 6.5, is fully inhibited by thermiolysin treatment, and is activated by divalent cations. The general similarity in properties of galactolipid synthesis by intact chloroplasts (this paper) and of galactolipid:galactolipid galactactosyltransferase assayed in isolated envelope membranes (12, 27) is clear from Table IV . So far, we have not obtained evidence for DGDG synthesis by other enzymic pathways, e.g. by transfer of galactosyl groups from UDP-Gal to MGDG. The present kinetic studies indicate only one affinity site for UDP-Gal in the synthesis of galactose-labeled MDGD, DGDG, TGDG, and TeGDG (Fig.  4) , being the site for UDP-Gal:diacylglycerol galactosyltransfer- (Table V) . The most likely explanation for this low level is that diacylglycerol consumption (by UDPGal:diacylglycerol galactosyltransferase) is in equilibrium with its production (by galactolipid:galactolipid galactosyltransferase). This implies a balanced, functionally coupled action of both galactosyltransferases with similar rates of diacylglycerol consumption and production. Consequently, specific effectors for either of the galactosyltransferases, e.g. UDP-Gal and divalent cations (Table IV) , can influence the rate of UDP-Gal incorporation. In full agreement, treatment of chloroplasts with thermolysin (which specifically inhibits galactolipid:galactolipid galactosyltransferase activity [4] ) results in deficient diacylglycerol supply, and, therefore, also in low MGDG production (Fig. 2) . In nontreated chloroplasts, however, diacylglycerol can be supplied continuously by galactolipid:galactolipid galactosyltransferase activity and be used for synthesis of MGDG, which in turn is converted into DGDG, TGDG, and TeGDG.
The cooperativity of UDP-Gal:diacylglycerol galactosyltransferase, localized in the inner envelope membrane (1, 11) Table IV . Characteristics of-Galactolipid Synthesis by Isolated Chloroplasts and by Envelope Membranes Galactolipid synthesis from UDP-Gal by intact spinach chloroplasts is compared with the properties of UDP-Gal: diacylglycerol galactosyltransferase (UDGT) and of galactolipid: galactolipid galactosyltransferase (GGGT), which were assayed separated in purified spinach envelope membranes (12, 14) . Note that both UDGT and GGGT may contribute to the velocity of total galactolipid synthesis by isolated envelope membranes.
For instance, with envelopes total incorporation of UDP-['4C]Gal into galactolipids has a '/2 Vmax of 1350 nmol/mg protein h, and has a K,,, for UDP-Gal of 34 AJM (17, 25 vious study, where spinach chloroplasts were made to synthesize radioactive lipids and subsequently were fractionated in inner and outer envelope membranes. Analysis of the membrane fractions gave data, which are consistent with intermembrane transport of labeled diacylglycerol and galactolipids (11) . In spinach leaves, the molecular species of MGDG and DGDG are different (5, 13, 23 
